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EfﬁciencyIn this study the effect on the deposition efﬁciency and corrosion resistance of Zn–Ni electrodeposits after the
addition of formic acid (0.03 to 0.53 mol/L) to the plating bath is investigated. The corrosion resistancewas eval-
uated in an aerated solution of 2.0 mol/L NaOH and 0.5 mol/L NaCl using weight loss tests and electrochemical
measurements, potentiodynamic polarization curves and electrochemical impedance spectroscopy measure-
ments. The addition of formic acid to chemical bath enhanced the corrosion resistance of the Zn–Ni deposit in
both solutions. Above 0.07 mol/L formic acid added to the solution, which corresponds to pH 3.0, the corrosion
rate does not vary signiﬁcantly. Improved corrosion resistance, by adding 0.07 mol/L formic acid, was found in
deposits obtained from chemical bath with the same pH. The addition of formic acid to the chemical bath of
the Zn–Ni deposit produces an enhancement in the efﬁciency of galvanostatic deposition when the pH of the
bath ismaintained at approximately pH 3.0. Itwas observed that the addition of formic acid changes the structure
of the Zn–Ni deposit due to the presence of the Ni5Zn21 intermetallic phase.
© 2014 Elsevier B.V. All rights reserved.1. Introduction
Zn–Ni alloy deposits exhibit high corrosion resistance and hardness
[1,2], which permits the use of these alloys in various applications such
as coatings for carbon steel. These alloys are widely used in the automo-
tive industry for coating automotive parts such as body panels, brake
calipers, ﬂuid delivery tubes, racks, and barrels. In the oil and gas indus-
tries, these alloys are used as a coating for ‘slift’ valves, and in the aero-
nautical industries they are used as coatings for aircraft landing gear.
Nickel is added to improve the corrosion resistance of the deposit
but must be added in appropriate amounts to avoid changing the char-
acteristics of the cathodic protection of the deposits. It has been noted
that the Ni content in Zn–Ni electrodeposits varies widely. Zn–Ni alloys
with 10 to 15% Ni exhibit better corrosion resistance than samples with
higher Ni content [3] and are used as substitutes for cadmium coatings
in the automotive industry [4], while in the aeronautical industry a
higher Ni content, from 17 to 20 wt.%, is commonly used.
The electrodeposition of Zn alloys with iron group metals such as Ni
causes the anomalous phenomenon of co-deposition, where Zn — the
less noble metal — is deposited preferentially [5]. In the deposition of
Zn–Ni alloy, the deposition of Ni is strongly inhibited by the presence
of Zn2+, while the deposition of Zn is induced by the presence of
Ni2+[6].ração, Salvador, BA 40210–630,
ouza).A signiﬁcant disadvantage of the addition of Ni in the Zn–Ni alloy is
the high cost of this element which is marked by the occurrence of
anomalous co-deposition. Therefore, the evaluation of new additives
to increase the electrodeposition efﬁciency and corrosion resistance of
Zn–Ni deposits is of great interest.
Recently [7–10] it has been reported in the literature that organic
components such as gelatin and glycerol modify the characteristics
and enhance the electrodeposition efﬁciency and/or corrosion resis-
tance of Zn–Ni deposits. The addition of gelatin results in a change in
the phase content [11] and in the morphology of the electrodeposited
alloy [8]. The beneﬁcial effect of gelatin and glycerol addition on the
electrodeposition efﬁciency and/or corrosion resistance is attributed
mainly to changes in the morphology of the deposit [8–10].
Ionic liquidsmay also be used to the Zn–Ni deposition [12,13]. It was
found that Zn–Ni deposits with low Zn content obtained from ionic liq-
uid based on choline chloride/urea exhibited better corrosion resistance
compared to that of typical Zn–Ni deposits from aqueous solutions
[12,13]. The barrier corrosion resistance depends on the temperature,
electrodeposition voltages, and the Zn(II)/Ni(II) ratio. The highest barri-
er corrosion resistance values were observed at 55 °C, 0.8 V and
0.45 mol/L Zn(II) and 0.05 mol/L Ni(II), respectively, which gives a cor-
rosion potential of −322 mV and the corrosion current density of
0.456 μA cm−2[13].
Formic acid is an organic compound used as a component in the
chemical bath of chromium electrodeposits. This additive acts as a spe-
ciﬁc complexing agent for Cr(III), yielding a Cr deposit from trivalent
chromium [14] insteadof Cr(VI),which is highly toxic.Moreover, formic
acid can also increase the corrosion resistance of the deposit. According
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morphology of the deposit.
It has been reported [15,16] that depending on the electrodeposition
conditions and concentration of formic acid in the chemical bath, there
may be a reduction in formic acid as an organic constituent of the bath,
and therefore, some C would be incorporated into the coating. With the
addition of formic acid to the chemical bath, the presence of a Cr–C bond
in the deposit has been reported [16]whichdepending on the C concen-
tration can cause amorphization of the deposit. It is possible that the
amorphization of the Cr–C coatings is due to the action of C atoms
that may break the order of the Cr atoms in the crystal lattice [17].
The amorphous structure favors the enhancement of corrosion resis-
tance of alloys containing passivating elements such as Cr [18]. Howev-
er, it has been observed [19] that the addition of formic acid increases
the corrosion resistance of an electrodeposit containing Cr, regardless
of its amorphous effect. It is possible that this behavior is related to
the effect of the addition of formic acid on the formation of the deposit.
It has been observed [14,20] that the incorporation of formic acid in the
deposit results in a more compact and less rough surface thus decreas-
ing the contact surface of the deposit with the corrosivemedium,which
favors the increase in corrosion resistance.
A deposit of Zn–Ni with amorphous structure may offer more favor-
able corrosion resistance contrasting with a deposit crystal structure
due to the formation of a more uniform passive ﬁlm and the presence
of Ni as passivating element. Furthermore, the formation of amore com-
pact deposit of Zn–Ni favors the corrosion resistance of the deposit.
Therefore, it is interesting to analyze the effect of the addition of this ad-
ditive on the corrosion resistance of Zn–Ni deposit.
Despite the beneﬁcial effect of adding formic acid on the corrosion
resistance of deposits containing Cr, in the literature no information is
available about the effect of this organic acid on the characteristics of
the deposit of the Zn–Ni alloy. The purpose of this paper is to ascertain
how the galvanostatic deposition efﬁciency and characteristics of elec-
trodeposited Zn–Ni alloys are affected by the addition of formic acid to
the plating bath by analyzing their composition, structure, morphology,
and corrosion resistance.2. Experimental procedure
The Zn–Ni alloyswere deposited galvanostatically from a deposition
solution, with concentrations of 0.15 mol/L NiCl2·2H2O, 0.28 mol/L
ZnCl2, 2.80 mol/L NH4Cl, and 0.32 mol/L H3BO3[21]. Various amounts
of puriﬁed formic acid were added to the chemical bath.
Electrodeposition was performed at 25 °C in an aerated solution. All
of the experiments were performed in a single-compartment glass
circular cell with a diameter of 7 cm and a capacity of 250 mL. In theFig. 1. The conductivity in cS/cm (ﬁlled diamond) and pH (ﬁlled upward triangle) of the
Zn–Ni chemical bath as a function of the concentration of formic acid.deposition experiments, a current source (HP,model 6140A) and a volt-
meter–ammeter (ICEL, model ET 208-2B) were used. A bar of graphite,
with a diameter of approximately 5 mm, was used as the anode, and
A633-D steel with a 1.6 cm diameter mounted in epoxy resin was
used as the substrate for the electrodeposition. The cylindrical steel sub-
strateswere grindedwith grit paper # 600 andwere placed at a distance
of 2 cm from the graphite anode in the central region of the cell. The gal-
vanostatic depositions were conducted at a current density of
10mA/cm2 for 18.5min to produce a 5 μm-thick deposit, which is a typ-
ical value in a galvanizing process line.
For the 10wt.% Ni deposition, themass of the deposit was estimated
using the following equation [8]:
mdep ¼ eSρD; ð1Þ
where mdep is the mass of the deposit, e is the thickness of the deposit
(5 μm), S is the deposition surface, and ρD is the density of deposit.
The deposit density can be estimated using the following equation:
ρD ¼ ρZnCZn þ ρNiCNi; ð2Þ
where ρZn is the density of Zn, ρNi is the density of the Ni, CZn is the Zn
mass fraction in thedeposit and CNi is theNimass fraction in the deposit.
Using nine values of formic acid solution content, the current efﬁ-
ciency (CE) of the Zn–Ni deposition was obtained by the difference of
the calculated theoretical mass of the electrodeposit and the actual
mass obtained from the electrodeposit using the following equation:
Efficiency %ð Þ ¼ 100 me
mt
 
; ð3Þ
whereme is the experimentally obtained mass of the deposit and mt is
the theoretical mass given by Faraday's law, as follows:
mt ¼
M it
z F
; ð4Þ
where M is the atomic mass of the alloy, i is the current of the deposi-
tion, t is the time of the deposition, z is the number of electrons, and F
is Faraday's constant.
The corrosion resistance was evaluated in an aerated solution of
2.0 mol/L NaOH and 0.5 mol/L NaCl using weight loss tests and electro-
chemical measurements. The weight loss was evaluated using aMettler
AB2004 analytical balance. In each test, the samples were immersed in
the solution; the weight loss corrosion test was repeated three times
for each condition. The samples were immersed for 1 h in 2.0 mol/L
NaOH solution and for 19 h in 0.5 mol/L NaCl solution. Before each im-
mersion, the samples were cleaned and immersed in an aqueous solu-
tion of 1.36 mol/L glycerin.
The electrochemical measurements were performed using an
Autolab potentiostat/galvanostat (model PGSTAT 100), and the electro-
chemical cell consisted of a A633-D steel disc (1.6 cm diameter), a
graphite cylinder and a saturated calomel electrode, which were used
as the working, auxiliary, and reference electrodes, respectively.
Potentiodynamic polarization curves (E (Potential) vs. log i (current
density)) were obtained using a 10 mV s−1 scan rate. The polarization
resistance (Rp) value was obtained next to the corrosion potential
(overpotential of 10 mV) from the inverse of the slope of a plot of the
potential versus the current density. Before themeasurements, the sam-
ple was placed into the electrochemical cell and was allowed to reach
equilibrium, which usually took approximately 30 s. For the electro-
chemical impedance spectroscopy measurements, the coated samples
were exposed to 2.0 mol/L NaOH and 0.5 mol/L NaCl solutions for
30 min. Impedance data were obtained at the open circuit potential
using Autolab software NOVA 1.7. The impedance measurements were
performed over a frequency range of 100 kHz to 10 mHz using a
10 mV amplitude of the sinusoidal voltage.
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ﬂuorescence (XRF) using a Shimadzu model XRF-1800. To analyze the
morphology of the electrodeposits, a Shimadzu model SS-550 scanning
electron microscope (SEM) was used. The structure of the deposits was
evaluated using a Shimadzu model XRD-6000 X-ray diffractometer
(XRD).
The microstrain of the Zn–Ni deposit was estimated by the linear
assembly of the X-ray data. Peak ﬁtting using analytical functions was
performed. The diffraction peak (330) and the pseudo-Voigt function
were used [22]:
f 2θð Þ ¼ I0η 1þ
2θ−2θ0
w
 2 −1
þ I0 1−ηð Þ exp −ln 2
2θ−2θ0
w
 2 
; ð5Þ
where I0 and w are the maximum and half-width at half maximum
(expressed in degrees) of the XRD peak and η is the function mixing
parameter. After the removal of line instrumental broadening, which
was estimated using standard γ-Ni5Zn21, the grain size (D) was
estimated using Scherrer's equation [23]:
D ¼ kλ
2w cos θð Þ ; ð6Þ
where w is the half-width at half maximum, θ is the diffraction angle, k
is the shape factor (assumed to be 0.9), and λ is the wavelength of
radiation (0.15405 nm in the present case). The value of themicrostrain
(ε) was estimated using the Williamson–Hall method, in which the ef-
fects of the strain and particle size on the half-width at half maximum
are additive and expressed by the following equation:
w cos θð Þ
λ
¼ k
D
þ ε sin θð Þ
λ
; ð7Þ
wherew is the half-width at half maximum, θ is the diffraction angle, D
is the grain size, k is the shape factor (assumed as 0.9), and λ is the
wavelength of radiation (0.15405 nm).
The bath pH was monitored frequently and adjusted when neces-
sary. The pH of the chemical bath without formic acid was adjusted
with the addition of sulfanilic acid [24]. Besides decreasing the pH of
the bath, the use of sulfanilic acid was found to have a signiﬁcant effect
on the brightness of the deposit [25].
3. Results and discussion
3.1. Effect of formic acid addition on the galvanostatic Zn–Ni deposition
The pH and conductivity of the Zn–Ni bath as a function of the con-
centration of formic acid in the deposition bath are plotted in Fig. 1. InFig. 2. The current efﬁciency of Zn–Ni deposition as a function of the concentration of
formic acid in the chemical bath, independent of pH.present study, the chemical baths at different pH levels were obtained
through the addition of formic acid, as shown in Fig. 1.
Fig. 1 shows an enhancement in the solution conductivity to a con-
centration of 0.26 mol/L, which corresponds to a pH of 1.98. Taking
into account the speciation diagrams for the system Zn(II)–NH3–Cl–
H2O [26] it can be seen that at pHbelow2.0 the species ZnCl42− is no lon-
ger stable, which results in a reduction of this complex and a signiﬁcant
elevation of free Zn2+. As a consequenceof decomplexation a signiﬁcant
increase in conductivity of the solution occurs. Therefore, it is possible
that a more intense increase in conductivity of the chemical bath ob-
served below pH 1.98 corresponds to adding 0.26 formic acid, and is
caused by a signiﬁcant increase in the concentration of free Zn2+ due
to the decomplexation of ZnCl42− complex at this pH.
The effect of pH on the CE of the Zn–Ni galvanostatic deposition was
investigated and the results are presented in Fig. 2. The electrodeposits
were produced at 10 mA cm−2. As observed in Fig. 2, the CE was lower
than 100%, indicating that the hydrogen evolution reaction (HER) oc-
curred in parallel with the Zn–Ni deposition. The results indicate that
the deposition efﬁciency, CE, increases with the decreasing pH of the
chemical bath. However, at a lower pH, the CE decreases. This behavior
may be related to the conductivity of the chemical bath and the HER,
which occurs during the deposition process. These factors have opposite
effects on thedeposition efﬁciency. As thepHmoves towardmore acidic
values, the conductivity of the chemical bath tends to increase, as ob-
served in Fig. 1. This effect should favor the deposition reactions of the
metal ions, thus causing an increase in the deposition efﬁciency. Howev-
er, with decreasing pH, the H reduction reaction is also enhanced, which
results in a decrease in CE. As the pH value decreases, the predominant
effect is initially elevated conductivity; however, as the pH continues to
decrease, a balance between this effect and the effect of the increase in
H reduction begins to occur. At lower pH levels, such as 1.8 and 1.69,
the effect of H reduction begins to dominate, and CE decreases.
To analyze the effect of adding formic acid to the bath on the
resulting CE independent of the pH, the deposition efﬁciency of Zn–Ni
deposits from chemical baths with the same pH were measured. The
CE of the deposition of Zn–Ni showed results averaging 86.56% and
91.19% obtained in the absence and presence of 0.07 mol/L formic acid
in the chemical bath with pH 3.0, respectively, and 86.71% and 94.00%
obtained in the absence and presence of 0.23 mol/L formic acid in the
chemical bath at pH 2.1, respectively. A total of three experiments
were conducted tomeasure the CE. The pH of the chemical bathwithout
formic acid was adjustedwith the addition of sulfanilic acid. In the pres-
ence of formic acid, the baths at pH 2.1 and 3.0 correspond to the addi-
tion of 0.23 mol/L and 0.07 mol/L of formic acid, respectively.
These results demonstrate that the addition of formic acid to the
chemical bath increases the deposition efﬁciency even when the pH of
the bath is kept constant. This increase ismore signiﬁcant for a pH of 2.1.
3.2. Effect of formic acid addition on the corrosion of Zn–Ni deposits
Before examining the effect of adding formic acid on the corrosion
resistance of the Zn–Ni deposits, the optimum pH of the chemical bath
in which this effect was analyzed was determined.
Figs. 3 and 4 show the corrosion rate of Zn–Ni deposits obtained
from mass loss measurements in 2.0 mol/L NaOH and 0.5 mol/L NaCl
solutions, respectively. These results indicate that in both solutions,
the addition of formic acid to the chemical bath caused the signiﬁcant
decrease in the corrosion rate of the deposits. However, with a formic
acid concentration higher than 0.07 mol/L formic acid (bath 3), the cor-
rosion rate did not vary signiﬁcantly, remaining in the range of error. As
seen in Fig. 1, the addition of formic acid decreases the pH of the chem-
ical bath. Therefore, the corrosion rate of the deposit in both solutions
was signiﬁcantly lower with a pH decreasing from 5.0 to 3.0, and
below, which corresponds to a concentration of 0.07 mol/L formic acid
added to the solution; the corrosion rate did not vary signiﬁcantly.
This behavior is consistent with the experimental observation [27]
Fig. 3. Corrosion rate obtained from mass loss measurements in 2.0 mol/L NaOH solution
of Zn–Ni deposits electrodeposited from chemical baths containing different pH due to
variation in the amount of formic acid added.
Table 1
Corrosion rate in mm/year (average value ± standard deviation) of deposits of Zn–Ni
evaluated by mass loss.
Deposit electroplated at pH 3.0
Without formic acid With 0.07 mol/L formic acid
Solution of 2.0 mol/L NaOH 2.8 ± 0.2 2.6 ± 0.2
Solution of 0.5 mol/L NaCl 0.30 ± 0.03 0.22 ± 0.02
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rosion resistance of the Zn–Ni deposit obtained from sulfate–acetate
bath. This effect is attributed to the decrease in Ni in the deposit.
To analyze the effect of adding formic acid to the bath on the corro-
sion resistance of deposit independent of pH, the corrosion resistance of
Zn–Ni deposits was obtained from chemical baths with the same pH. As
noted above, solutions with a pH below 3.0 (2.35, 2.1, and 1.9) yield a
higher deposition efﬁciency comparedwith the solution at pH3.0. How-
ever, as will be observed in Section 3.4, the obtained SEM micrographs
reveal that the deposits obtained from baths with a pH lower than 3.0
exhibit signiﬁcant irregularities in thickness due to the presence of cav-
ities. These irregularities aremost likely caused by the intense evolution
of H, thus increasing the probability of H-embrittlement of the steel sub-
strate. Therefore, the chemical bath at pH 3.0 was considered to be the
most suitable for analyzing the effect of the addition of formic acid on
the corrosion resistance of the deposit.
The effect of adding formic acid to the bath on the corrosion resis-
tance of Zn–Ni deposits obtained from chemical baths with the same
pH was analyzed using mass loss and electrochemical measurements
in 2.0 mol/L NaOH and 0.5 mol/L NaCl solutions. The analyzed deposits
were obtained from chemical bathswith pH 3.0 in both the absence and
presence of 0.07 mol/L formic acid. The pHof the chemical bathwithout
formic acid was adjusted with the addition of sulfanilic acid. The corro-
sion rate results obtained are reported in Table 1. These results demon-
strate that the addition of formic acid results in a signiﬁcant decrease in
the corrosion rate of the deposits.
Potentiodynamic polarization (Fig. 5) was performed in a 2.0 mol/L
NaOH solution to investigate the passive ﬁlm of Zn–Ni deposits obtainedFig. 4. Corrosion rate obtained frommass lossmeasurements in 0.5 mol/L NaCl solution of
Zn–Ni deposits electrodeposited from chemical baths with different pH due to variation in
the amount of formic acid added.from chemical bathswith andwithout the addition of 0.07 mol/L formic
acid. The active-polarization behavior was observed for all the deposits.
In the potentiodynamic polarization curves, two current density peaks
were observed after the corrosion potential (−1452 mV), which is
characteristic of Zn electrodeposits. Peaks a1 and a2, are called the pas-
sivation peak and active/passive transition peak, respectively. After
reaching peak a2, a decrease in the current density is observed (region
III) due to the presence of a passive ﬁlm which inhibits themetal disso-
lution process. Region III, which is known as the passive region, exhibits
a low current density, ip, which is signiﬁcantly increased in region IV.
This increase is a result of the breaking of the passive ﬁlm due to the ap-
plication of a higher anodic potential; the potential at which this break-
ing occurs is called the breakdown potential (Eb).
As observed in Fig. 5, the addition of formic acid does not have a sig-
niﬁcant effect on the current density in the passive region or on the
breakdown potential. Therefore, the addition of formic acid does not
have an effect on the protective performance of passive ﬁlms.
The polarization resistance (Rp) values of the Zn–Ni deposits with
the same pH of 3.0 in the absence and presence of 0.07 mol/L formic
acid resulted in average Rp values (obtained using the linear polariza-
tion method) of 3.99 and 4.69 Ω in 2.0 mol/L NaOH solution and
184.68 and 377.36 Ω in 0.5 mol/L NaCl solution. A total of three experi-
ments were conducted tomeasure the polarization resistance. The line-
ar polarization analysis results demonstrate that the Rp in 2.0 mol/L
NaOH and 0.5 mol/L NaCl solutions for Zn–Ni deposits obtained in the
presence of formic acid was higher than that of the deposit obtained
in the absence of formic acid. These results are consistent with the cor-
rosion rate results.
The effect of the addition of formic acid on the corrosion resistance of
electrodeposited Zn–Ni alloys obtained fromchemical bathswith pH3.0
was also studied using impedance spectroscopy. For appropriate imped-
ance spectra considering the surface condition, an equivalent circuit
wasused in recent studies to characterize Zn–Ni depositswith corrosion
products [28,29].
Fig. 6a, b and cpresents the impedance spectroscopy analysis results
of the Zn–Ni deposit with the same pH 3.0 in the absence and presence
of 0.07M formic acid in 2.0 mol/L NaOH, and Fig. 7a, b and cpresents theFig. 5. Potentiodynamic polarization curves of Zn–Ni deposits from a 2.0 mol/L NaOH so-
lution with a scan rate of 10 mV s−1 obtained from chemical baths in the absence and
presence of 0.07 mol/L formic acid.
Fig. 6. Impedance spectroscopy analysis for of the Zn–Ni deposit in 2.0 mol/L NaOH, pH3.0
in the absence and in thepresence of formic acid: a)Nyquist plot, b) Bodeplot (impedance
modulus versus frequency), and c) Bode plot (phase angle versus frequency).
Fig. 7. Impedance spectroscopy analysis for of the Zn–Ni deposit in 0.5 mol/L NaCl, pH 3.0
in the absence and in thepresence of formic acid: a)Nyquist plot, b) Bodeplot (impedance
modulus versus frequency), and c) Bode plot (phase angle versus frequency).
236 G.A.G. Pedroza et al. / Surface & Coatings Technology 258 (2014) 232–239impedance spectroscopy analysis results of the Zn–Ni deposit with the
same pH 3.0 in the absence and presence of 0.07 M formic acid in
0.5 mol/L NaCl.
Figs. 6a and 7a present Nyquist plots of the Zn–Ni alloy deposits in
2.0 mol/L NaOH and 0.5 mol/L NaCl, respectively. A qualitative analysis
of these results shows a larger diameter of the semicircle for the deposit
obtained in the presence of formic acid indicates its higher corrosion re-
sistance of the deposit obtained in the presence of formic acid in
2.0 mol/L NaOH and 0.5 mol/L NaCl solutions.
In Figs. 6b and 7b, the difference between the maximum (RΩ+ Rp)
and minimum (RΩ) values represents the Rp, conﬁrming the previous
results as the curve referring to the deposits obtained in the presence of
formic acid show higher values than those obtained for deposits without
formic acid. These results are also consistent with Figs. 6c and 7c, wherethe phase angle for two baths have the peak value in the same frequency
band, indicating that the same phenomenon is being evaluated.
The electrochemical impedance results are consistent with themass
loss results and indicate that the addition of formic acid to the chemical
bath increases the corrosion resistance of Zn–Ni deposits obtained from
baths with the same pH.
Future work will analyze the effect of the addition of formic acid on
the corrosion resistance of Zn–Ni–P deposits. It has been found [30] that
the phosphorous incorporated into Zn–Ni deposits exhibits a remark-
ably enhanced corrosion resistance.
3.3. Effect of formic acid on the composition and structure of the deposits
The effect of the addition of formic acid to the chemical bath on the
composition and structure of the deposits was analyzed to understand
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analyzed were obtained from chemical baths with a pH of 3.0 in the ab-
sence and presence of 0.07 mol/L formic acid.
The Ni content in relation of the formic acid concentration in the Zn–
Ni deposits obtained by galvanostatic deposition with pH of 3.0 was
7.96% in the absence of and 8.17% with the presence of 0.07 mol/L
formic acid. TheNi contentswere determined using EDS at ﬁve different
locations for each sample. During the measurements, the samples were
subjected to the same experimental conditions.
The addition of Ni to Zn–Ni alloys increases their corrosion resis-
tance [31]. However, these results indicate that the addition of formic
acid in the plating bath does not signiﬁcantly alter the Ni content in
the deposits. The differences arewithin themargin of error of the exper-
iment. Therefore, it is likely that the deposition efﬁciency and corrosion
resistance are more strongly affected by factors other than the
composition.
Regarding the possibility of formic acid forming a complex with Ni
and/or Zn, which has been reported in spectrophotometer UV–VIS stud-
ies [32], it was noted that the addition of formic acid does not change
the absorbance spectrum of the plating bath, which indicates that this
component does not form complexes with these ions.
Fig. 8a and b presents the X-ray diffractogram pattern of the Zn–Ni
deposit obtained from a chemical bath with a pH of 3.0 in the absence
(Fig. 8a) and presence of 0.07 mol/L formic acid (Fig. 8b). These X-ray
diffractions indicate the presence of three phases regardless of the addi-
tion of formic acid to the chemical bath: the η phase, which corresponds
to a solid solution of Ni in Zn with a structure similar to polycrystallineFig. 8. X-ray diffractogram of Zn–Ni deposit obtained: a)Without formic acid, and b)with
0.07 mol/L of formic acid.Zn (hc), (JCPDS card number 87-0712); the γ phase, which corresponds
to a Ni5Zn21 intermetallic compound (JCPDS card number 06-653); and
the α phase, which corresponds to a solid solution of Zn in Ni with a
structure similar to polycrystalline Ni (fcc) obtained using the JCPDS
pattern for pure Ni (JCPDS card number 87-0713).
It can be observed from Fig. 8a and b that with the addition of formic
acid to the chemical bath the peak corresponding to the γ phase begins
to show a higher intensity in comparison with the peak corresponding
to the η phase. This behavior indicates that the addition of formic acid
promotes the presence of the γ phase, which prevails in respect to the
η phase. The Ni5Zn21 intermetallic phase exhibits the best corrosion re-
sistance in a chloride environment in relation to the η phase [4]. There-
fore, the fact that formic acid favors the formation of the γ phase is
coherent with the additive effect of improving the corrosion resistance
of Zn–Ni deposits.
In these diffractogram patterns, the presence of thin peaks, typical of
a crystalline structure, is observed. The change in structure from crystal-
line to amorphous can increase the corrosion resistance in the presence
of a passivanting element [18]. However, in the present case, the results
indicate that the addition of formic acid does not promote the formation
of an amorphous structure. It has been observed [15] that high current
density deposition causes the decomposition of formic acid in the
bath, and consequently, the carbon is incorporated into the Cr coating.
However, in this paper the deposition conditions were not sufﬁcient
for the carbon to be incorporated into the coating in amounts necessary
to promote the presence of an amorphous structure.
3.4. Effect of formic acid addition on the morphology of the deposits
Fig. 9a and bpresents the SEMmicrographs of the Zn–Ni deposits ob-
tained from chemical baths with pH 3.0 in the absence (Fig. 9a) and
presence of 0.07 mol/L formic acid (Fig. 9b). The micrographs reveal
that the morphology of the deposit is dependent on the formic acid
concentration.
With the addition of formic acid, the average size of the grains con-
stituting the Zn–Ni deposits increases. This increase results in a de-
creased grain boundary area per unit volume and, consequently, a
lower defect density in the grain boundary. Therefore, amore protective
passive ﬁlm should be expected with the addition of formic acid. How-
ever, studies on Zn–Ni deposits [8,10] have reported an increase in the
corrosion resistance of the deposits caused by the addition of gelatin
and glycerol additives, which cause grain reﬁnement of the deposits.
These results therefore indicate that in addition to the effect on the
grain size, the addition of the additive may affect other characteristics
that alter the corrosion resistance of the deposit.
It is possible that the addition of formic acid to the chemical bath re-
sults in a more compact deposit that favors corrosion resistance. In
Fig. 9a and b, it is not clear that the presence of formic acid results in a
more compact deposit. However, due to the complexity of this effect,
which depends on the size of the particles and the distance between
them, the addition of formic acid may still result in more compact
deposits.
With the increase in the concentration of formic acid there is a ten-
dency for discontinuities to occur in the deposit, which were observed
in the form of holes. The presence of holes was observed in the SEMmi-
crographs of deposits obtained from chemical baths with pH values
lower than 3.0 (2.35, 2.14, 1.98, 1.80, 1.69) and a formic acid concentra-
tion greater than 0.07 mol/L, to a magnitude of approximately 500
times. The micrographs in Fig. 10 show the presence of these holes in
the deposit obtained from chemical baths with pH 2.14 (0.20 mol/L
formic acid). The hole frequency and size on the surface of Zn–Ni coat-
ings were respectively/mm2 and μm. The presence of the deposit is ob-
served within the hole. These holes were most likely caused by
hydrogen evolution, and their presence indicates an increase in hydro-
gen evolution due to the decrease in pH. However, in the SEM micro-
graphs of deposits obtained from chemical baths with pH 3.0, these
Fig. 10. SEM micrographs of Zn–Ni deposit obtained from
Fig. 9. SEM micrographs of Zn–Ni deposit obtained from a chemical bath: a) without
formic acid, and b) with 0.07 mol/L of formic acid.
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posit due to the lower hydrogen evolution at that pH.
3.5. Effect of formic acid addition on the compressive strains of the deposits
It is known in this area of study that compressive strains on the sur-
face increase corrosion resistance compared with tensile stresses.
Therefore, a higher compressive microstrain in the deposit could be re-
lated to a lower corrosion rate. Mishra and Balasubramaniam [33] ana-
lyzed Ni electrodeposits and reported that the magnitude of the
compressive strain was higher when saccharine was added to the
chemical bath. According to these authors, this result may be associated
with the higher sulfur content associated with saccharine additions.
The effect of the addition of formic acid on the corrosion of Zn–Ni de-
posits may also be related to increased compressive stresses in the
deposits.
Themicrostrain in compression results estimated from the XRD data
were−0.0045 and−0.0042 ε. These results were obtained from Zn–Ni
deposits prepared using chemical baths with pH 3.0 in the absence and
presence of 0.07 mol/L formic acid. For all the particle sizes, the estimat-
ed slopes (ε) of Eq. (7) are negative, indicating a compressive strain. Ac-
cording to these results, the addition of formic acid in the chemical bath
does not result in a clear effect on the microstrain of the Zn–Ni deposits
with pH 3.0. Therefore, the results obtained indicate that the effect of
the addition of formic acid on the corrosion of Zn–Ni deposits is not re-
lated to the effect of this additive on the compressive strain of the
deposit.
3.6. Tensile Tests
Themetal electroplating process involves the formation of hydrogen
in atomic form, which can cause embrittlement of the metal substrate.
The evolved hydrogen can diffuse inward into the steel lattice into
areas of high tensile stresses, where the hydrogen accumulates, causing
delayed embrittlementwhen the component is subjected to stress. Elec-
trodeposition of Zn–Ni deposits performed in acidic baths can cause the
hydrogen embrittlement of metallic substrates. The susceptibility of the
substrate to hydrogen embrittlement depends on its mechanicala chemical bath containing 0.20 mol/L formic acid.
Table 2
Results of tensile tests of a steel alloy A633-D in the absence and presence of the Zn–Ni de-
posit obtained from the deposition baths containing various concentrations of formic acid.
Samples σe
(MPa)
LRT
(MPa)
AL
(%)
A633-D steel substrate 335.1 460.5 20.5
Zn–Ni + 0.0 mol/L formic acid 338.0 460.0 18.5
335.0 463.0 19.1
334.8 462.1 20.0
Zn–Ni + 0.07 mol/L formic acid 337.0 463.0 19.1
338.0 459.0 20.4
338.5 462.0 18.1
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hydrogen embrittlement. Steels with high mechanical resistance, with
tensile strengths greater than 1510 MPa, are highly susceptible to
hydrogen embrittlement due to their lower ductility. Thus, these steels
should not be used as substrates in the electrodeposition of Zn–Ni
deposits in acidic baths.
In addition to the mechanical properties, the hydrogen embrittle-
ment of metallic substrates subjected to the electrodeposition of Zn–
Ni deposits from acidic baths can also be affected by other factors such
as the addition of additives in the chemical bath. As observed in the
SEM micrographs, the addition of formic acid in the chemical bath
tends to favor the hydrogen evolution reaction. Therefore, to evaluate
whether the addition of formic acid in the chemical bath of the Zn–Ni
alloy causes hydrogen embrittlement of the substrate, tensile tests
were performed on A633-D steel samples in the absence and presence
of the Zn–Ni deposits.
Table 2 lists the values of the yield stress (σe), limit of tensile
strength (LRT) and percent elongation (% AL) obtained from the tensile
testing of A633-D steel in the absence and presence of 10% Zn–Ni de-
posits. The deposits were obtained using a chemical bath at pH 3.0 in
the presence and absence of 0.07M formic acid. For samples containing
Zn–Ni deposits, the tests were performed in triplicate. Because hydro-
gen embrittlement requires a certain amount of time to permit the dif-
fusion of hydrogen into the substrate, the tensile tests were performed
four weeks after obtaining the deposits.
The results in Table 2 are within the margin of error, indicating that
the addition of 0.07 mol/L formic acid in the Zn–Ni chemical bath does
not affect the mechanical properties of the A633-D steel substrates ob-
tained from the tensile test. However, future work will be conducted
to evaluate the effect of the addition of formic acid on the fatigue resis-
tance of the substrate.4. Conclusions
The decrease in the pH of the chemical bath with the addition of
formic acid results in increased corrosion resistance of the Zn–Ni depos-
it in 2 mol/L NaOH and 0.5 mol/L NaCl solutions. Below a pH of 3.0,
which corresponds to 0.07 mol/L formic acid being added to the solu-
tion, the corrosion rate does not vary signiﬁcantly.
The mass loss and electrochemical measurements demonstrate that
the addition of 0.07 mol/L formic acid to the chemical bath with a pH of
3.0 increases the corrosion resistance of the Zn–Ni deposits. The effect of
the formic acid addition on the inhibition of corrosion of the deposit is
most signiﬁcant in the 2 mol/L NaOH solution compared with the
0.5 mol/L NaCl solution.The addition of formic acid to the chemical bath of the Zn–Ni deposit
produces an increase in the efﬁciency of galvanostatic deposition when
the pH of the bath is maintained at approximately 3.0.
Using X-ray diffraction, it was observed that the addition of formic
acid changes the structure of the Zn–Ni deposit, promoting the presence
of the Ni5Zn21 intermetallic phase. However, the addition of formic acid
to the chemical bath did not have any clear effect on the microstrain of
the Zn–Ni deposit.
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